Ultrafast degenerate pump-probe experiments performed on a free standing film of double walled carbon nanotubes near the first metallic transition energy of outer tube show ultrafast (97 f s) photobleaching followed by a photo-induced absorption with a slow relaxation of 1.8 ps.
laxation processes.
12, 22 Chen et al. 23 , measured the Im(χ (3) ) ∼ 10 −10 esu whereas Maeda et al. 10 reported that Im(χ (3) ) could be as high as 10 −6 esu in the case of s-SWNT films on a substrate. Recent z-scan measurements 24 at 1.57 eV showed Im(χ (3) ) = 10 −9 esu and Re(χ (3) ) = −4.4 × 10 −9 esu for SWNT-suspensions (using a surfactant) and Im(χ (3) ) = 8 × 10 −9 esu and Re(χ (3) ) = 1.4 × 10 −8 esu at 0.85 eV for SWNT thin films 25 . In the case of multi walled carbon nanotubes (MWNT) grown on a quartz substrate 26 , the values are Im(χ (3) ) = −1.6 × 10 −11 esu and Re(χ (3) ) = −1.7 × 10 −11 esu, and photobleaching decay time of ∼ 2 ps was reported. As compared to SWNT and MWNT, double walled carbon nanotubes (DWNT) have not been investigated for their nonlinear properties, except the work of Nakamura et al., 27 where pump-probe studies show photo bleaching with biexponential relaxation for DWNT suspensions. The shortest decay time (400 fs) of photobleaching was attributed to carrier relaxation between inner and outer tubes and the slow component (4 ps) was ascribed to the recombination of electrons and holes at the bottom of the bands. Except this study, there has been no other study to our knowledge on DWNT. . The refractive index, n 0 of the DWNT film is 3.6 at 1.57 eV as calculated from its absorption and transmission measurements using Fresnel's relation between reflection coefficient and extinction coefficient.
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The output from Ti:Sapphire Regenerative femtosecond amplifier (50 fs, 1.57 eV, 1 KHz Spitfire, Spectra Physics) was used for both z-scan and the degenerate PP experiments.
At the sample point, the cross-correlation of pump and probe pulses was measured to be 75 f s (FWHM) using a thin BBO crystal. The pump pulse was delayed in time using the computer controlled motorized translation stage (XPS Motion controller, Newport). The change in the probe transmission due to the presence of the pump was monitored using two Si-PIN diodes (one for the reference beam and the other for the probe beam interacting with the pump) with the standard lock-in detection (pump beam was chopped at 139 Hz). The probe intensity was kept at 58 MW/cm 2 in all the experiments and the pump intensity was maintained at 1.5 GW/cm 2 , 1.0 GW/cm 2 , 556 MW/cm 2 and 303 MW/cm 2 for intensity dependent PP studies. All these measurements were performed with pump and probe polarizations perpendicular to each other to avoid coherent artifacts 32 . In the femtosecond z-scan experiments, the intensity was varied from 150 MW/cm 2 to 9.4 GW/cm 2 .The pulse from the amplifier was found to be broadened to 80 fs near the sample point in z-scan experiments.
For the CA z-scan, an aperture of 1 mm size was kept in front of the detector whereas for OA z-scan, all the transmitted light was collected. 1.0 GW/cm 2 . It can be seen that the PA is negligible for pump intensity of 1.5 GW/cm 2 and was not analyzed. On the other hand, PB can be resolved for pump intensity of 1.5 GW/cm 2 .
The PB data for this pump intensity is fitted with the convolution of the cross-correlation of the pump and probe pulses and a monoexponential function. This yields a time constant of 97 fs. For the lower pump intensities, the decay time decreases below our time resolution (75 fs).
We now offer a plausible explanation of our results. The PB in our experiments at 1.57 eV can only arise from E M 11 of m-SWNT since pump and probe energies are nearly resonant with E M 11 . The long PA decay time suggests that the excited state absorption could be happening from E S 11 excitonic level and not from E S 22 excitonic level as earlier PP studies 11, 14 show that PA from E S 22 is very fast (∼ 200f s) . Therefore, the PA will dominantly arise from s-SWNT (transition from excitonic level E It can be seen from the inset that the PA is almost negligible for the highest pump intensity. Solid lines are the single exponential decay fit to the data with the time constant of 1.8 ps.
We have also estimated Im(χ (3) ) from PP studies as follows 10 .
where
Here, α pump is the linear absorption coefficient of the sample for the pump beam, ∆α 0 (t) is the absorption change of the probe beam when the pump and probe have zero delay (τ = 0), L s is the sample thickness, ε 0 is the permittivity of vacuum, λ is the wavelength of the light and I pump is the pump intensity. Using measured α pump = 6405 cm −1 and L s = 200 nm, we get β 0 = 3.9 × 10 −8 cm/W which correspond to Im(χ (3) ) = 2.1 × 10 −11 esu. This value is found to be independent of the pump intensity and agrees well with the value obtained from our z-scan studies. The ultrafast saturable absorption and large nonlinear third order nonlinearity means that the unsupported film of DWNTs can be used as saturable absorbers in the passive optical regeneration, mode-locking and THz optical switching.
